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We  investigate  dye-sensitized  solar  cells  (DSSCs)  with  Ti02  photoanodes  sintered  by  N2  and  air  atmo¬ 
spheric  pressure  plasma  jets  (APPJs)  with/without  air-quenching.  Air-quenching  reduces  the  APPJ  tem¬ 
perature  from  ~500  °C  to  ~300  °C;  however,  it  accelerates  the  removal  of  organic  solvents  and  the  Ti02 
sintering  process.  N2  APPJ  with  air-quenching  and  air  APPJ  with/without  air-quenching  can  complete  the 
sintering  process  in  an  ultra-short  time  (30  s);  the  assembled  cells  show  efficiencies  comparable  to  those 
of  cells  fabricated  using  conventional  furnace  process.  The  presence  of  excited  nitrogen  plasmas  and 
oxygen  gas  is  critical  to  the  rapid  sintering  process  of  nanoporous  TiC^  photoanodes  at  a  lower  tem¬ 
perature  (~300  °C).  This  air-quenched  APPJ  may  be  applied  to  the  sintering  process  on  lower-melting- 
point  flexible  substrate,  which  facilitates  the  future  application  to  roll-to-roll  process. 
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1.  Introduction 

Nanoporous  materials  have  attracted  much  attention  resulting 
from  their  particular  properties  and  versatile  applications  [1,2].  The 
large  surface/volume  ratio  and  the  nanoscale  size  effects  of  nano¬ 
porous  materials  result  in  unique  properties  that  are  not  found  in 
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the  corresponding  bulk  materials  [1,3,4].  Hence,  nanoporous  ma¬ 
terials  are  extensively  applied  in  various  fields;  they  have  been  used 
as  catalysts  [5,6],  for  splitting  water  [7-9],  as  adsorbents  [5,10],  for 
gas  storage  [11],  and  in  gas  sensors  [12],  batteries  [13,14],  fuel  cells 

[15] ,  and  photovoltaic  cells  [3,16,17],  Synthetic  routes  for  nano¬ 
porous  materials  generally  require  templates  [5,18,19],  yet  some 
template-free  methods  also  have  been  developed  [14].  This 
manuscript  reports  a  rapid  nanoporous  TiC^  fabrication  process 
using  an  atmospheric  pressure  plasma  jet  (APPJ)  with  air- 
quenching.  The  nanoporous  TiC^  thus  prepared  was  subsequently 
used  as  the  photoanode  of  dye-sensitized  solar  cells  (DSSCs)  to 
demonstrate  its  practical  application. 

In  1991,  O’Regan  and  Gratzel  greatly  improved  the  power 
conversion  efficiency  of  DSSCs  to  7.1%  [20].  Subsequently, 
numerous  studies  have  focused  on  this  technology  [21].  Through 
the  implementation  of  new  dyes,  the  DSSC  efficiency  was 
improved  to  11%  in  2005  [9],  11.5%  in  2009  [22]  and  13.1%  in  2011 
[23].  DSSCs  are  eco-friendly  and  cost  effective;  they  can  be  fabri¬ 
cated  without  using  expensive  vacuum  deposition  systems.  These 
features  make  DSSCs  a  potential  alternative  to  conventional  solar 
cells.  In  DSSCs,  separate  materials  are  used  for  light  absorption  and 
carrier  transport.  Organic  dyes  are  optically  excited  to  generate 
photoelectrons  that  are  injected  into  the  photoanodes  and  trans¬ 
ported  into  the  external  load.  Nanoporous  materials  are  frequently 
used  as  photoanodes  in  DSSCs  to  increase  the  effective  surface 
area  for  dye-anchoring  [20].  Techniques  such  as  electrophoretic 
deposition  with  post  compression  have  been  developed  to  fabri¬ 
cate  nanoporous  photoanodes  of  DSSCs  on  low-melting-point 
substrates  [24].  However,  thermal  sintering  still  offers  better 
connectivity  among  nanoparticles  to  reduce  the  photoelectron 
transport  resistance.  A  typical  nanoporous  Ti02  photoanode  is 
usually  fabricated  by  sintering  Ti02  nanoparticle  pastes  using  a 
conventional  furnace  at  450—510  °C  [25,26]  for  15—30  min 
(excluding  the  heating  and  cooling  periods).  The  thermal  sintering 
process  requires  a  long  processing  time  with  large  thermal  budget. 
Therefore,  several  alternative  techniques  have  been  developed  to 
lower  the  cost  and  to  shorten  the  energy  payback  time,  for  ex¬ 
amples,  microwave  radiation  [27],  UV  treatment  [28],  near 
infrared  heating  29],  dielectric  barrier  discharge  [30],  laser  sin¬ 
tering  [31],  and  atmospheric  pressure  plasma  jet  (APPJ)  sintering 

[16] . 

APPJs  possess  large-area  processing  capability  and  have  been 
applied  to  various  material  processes  without  requiring  the  use 
of  expensive  vacuum  systems,  for  examples,  oxide  thin-film 
deposition  [32  ,  surface  modification  [33],  surface  cleaning 
[34,35],  rapid  annealing  process  for  electronic  heterostructure 
[36],  and  bio-medical  treatments  [37].  The  energetic  excited 
molecules  in  APPJs  provide  additional  energy  to  assist  the  ther¬ 
mal  process,  thus  offering  rapid  process  capability  16,36].  In  our 
previous  study,  we  have  successfully  demonstrated  that  DSSCs 
fabricated  using  N2  APPJs  without  air-quenching  processes 
exhibited  efficiencies  comparable  to  those  of  conventional 
furnace  processes;  the  Ti02  sintering  time  was  reduced  to  1  min. 
In  this  study,  we  apply  N2  and  air  APPJs  with/without  air- 
quenching  to  sinter  TiCb  photoanodes.  The  APPJ  sintering  tem¬ 
perature  can  be  reduced  from  -500  °C  to  -300  °C  by  air- 
quenching,  whereas  the  processing  time  can  be  further  reduced 
to  30  s.  This  can  be  achieved  by  air  APPJ  with/without  air- 
quenching  as  well  as  by  N2  APPJ  with  air-quenching.  The 
participation  of  oxygen  in  the  reaction  is  the  key  for  the  success 
of  this  low  temperature  rapid  sintering  technique.  The  lower 
sintering  temperature  can  facilitate  the  future  application  of  this 
technique  to  flexible  roll-to-roll  processes  using  a  lower-melting- 
point  substrate;  the  substrate  conveying  speed  can  be  increased 
owing  to  the  ultra-short  sintering  time. 


2.  Experimental  details 

A  nanoporous  Ti02  layer  (E-solar  P300,  Everlight  Chemical  In¬ 
dustrial  Co.)  was  deposited  on  the  fluorine-doped  tin-oxide-coated 
glass  (FTO,  TEC7,  thickness:  2.2  mm,  transmittance:  >80%,  sheet 
resistance:  8  Q  ET1,  Pilkington)  by  the  screen-printing  method. 
Screen-printing  was  repeated  three  times  until  the  thickness  of  the 
nanoporous  Ti02  layer  reached  -10  pm  with  an  active  area  of 
0.22  cm2.  The  nanoporous  TiC^  layer  was  heated  at  100  °C  for 
10  min  (soft  baking)  after  each  screen-printing  step  to  dry  off  the 
solvent.  The  film  was  then  sintered  by  a  N2  (purity:  99.999%)  or  air 
(mixture  gas,  79%  N2  +  21%  02,  purity:  99.995%)  APPJ  for  30  s,  1  min, 
2  min,  5  min,  and  10  min.  The  APPJ  operating  conditions  are  as 
follows:  35  slm  gas  flow,  275  V  applied  voltage,  and  7/33  ps  on/off 
duty  cycle.  The  schematic  of  the  APPJ  system  is  shown  in  Fig.  1.  The 
Ti02  layer  was  located  on  a  stage  that  was  moved  toward  the  APPJ 
with  a  velocity  of  6  cm  min-1.  The  stage  was  moved  forward  for 
around  1  min,  and  the  film  was  sintered  for  the  specified  durations 
under  the  plasma  jet;  then,  the  stage  was  moved  backward  with  the 
same  velocity  after  the  sintering  process.  A  2-cm-long  quartz  with  a 
1.7-cm-diameter  side  hole  was  used  to  perform  the  air-quenching. 
A  comparative  experiment  was  conducted  with  the  side  hole  being 
sealed  with  a  Kapton  tape  such  that  the  air-quenching  effect  was 
stopped.  The  temperature  evolution  was  monitored  using  a  K-type 
thermocouple  in  contact  with  the  substrate  during  APPJ  operations. 
The  data  were  acquired  by  a  data  acquisition  device  (USB-6221, 
National  Instruments)  using  a  computer.  The  steady-state  tem¬ 
peratures  of  the  operating  conditions  are  listed  in  Table  1. 
Air-quenching  significantly  reduced  the  APPJ  temperatures.  More 
details  regarding  the  APPJ  system  used  in  this  study  have  been 
provided  in  other  literature  [32,38,39]. 

After  sintering,  the  Ti02  nanoporous  film  was  submerged  in  a 
mixed  solution  of  acetonitrile  (99.9%,  J.  T.  Baker)  and  tertiary  butyl 
alcohol  (99.9%,  J.  T.  Baker)  containing  3  x  10-4  M  of  N719  dye 
(Solaronix)  for  24  h.  The  dye-adsorbed  Ti02  films  were  further 
rinsed  with  ethanol  and  dried  in  air.  The  photoanode  was  then 
assembled  with  the  counter  electrode  of  a  sputtered  10-nm-thick 
Pt  layer  on  the  FTO  glass  substrate.  Finally,  a  liquid  electrolyte 
(Eversolar  EL  100,  Everlight  Chemical  Industrial  Co.),  consisting  of 
I2,  Lil,  guanidinium  thiocyanate  (GuNCS)  and  acetonitrile,  was 
injected  into  the  assembled  cells. 

The  optical  emission  spectra  (OES)  emanating  from  the  plasma 
were  monitored  using  a  spectrometer  (Princeton  Instruments, 
SP2500i)  to  probe  the  semi-quantitative  information  associated 
with  the  reactive  species.  A  UV-Vis-NIR  spectrophotometer 
(JASCO  V-670)  was  used  to  determine  the  absorption  spectra  of 
nanoporous  Ti02  layers.  The  absorption  was  calculated  by  the  for¬ 
mula  A  =  1  -  T  -  R,  where  A  is  the  absorption;  T,  the  transmission; 
R,  the  reflection.  Both  T  and  R  were  measured  using  an  integral 
sphere.  The  surface  elemental  composition  was  determined  by  X- 
ray  photoelectron  spectroscopy  (XPS,  VG  ESCA  Scientific  Theta 
Probe).  For  the  power  efficiency  measurements  of  the  DSSCs,  the 
cells  were  illuminated  through  the  FTO  glass  substrate  using  a  solar 
simulator  (WACOM,  WXS-155S-L2)  with  an  AM1.5  filter.  A  Keithley 
2400  electrometer  was  used  to  evaluate  the  I-V  characteristics. 
Electrochemical  impedance  spectroscopy  (EIS)  analysis  was  per¬ 
formed  using  an  electrochemical  workstation  (Zahner  Zennium). 
The  EIS  spectra  were  obtained  by  applying  sinusoidal  perturbations 
of  ±10  mV  with  a  frequency  of  0.1 -105  Hz  at  the  open  circuit 
voltage  (Voc)  under  the  illumination  of  a  solar  simulator. 

3.  Results  and  discussion 

To  identify  reactive  species  that  are  generated  in  the  N2  and  air 
APPJs,  the  emission  spectra  were  recorded  from  200  to  800  nm 
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Fig.  1.  Schematic  of  APPJ  apparatus. 


using  a  spectrometer.  The  spectra  are  shown  in  Fig.  2.  In  N2  APPJ, 
the  N2 1st  positive  B377g  -►  A3£+  and  2nd  positive  C3nu  -►  B3ng  can 
be  clearly  observed  in  Fig.  2(a)  [38,39].  These  emissive  signals 
associated  with  the  excited  N2  molecules  are  reduced  when 
ambient  air  is  introduced  through  the  side  hole  to  quench  the  APPJ. 
The  air-quenching  reduces  the  electron  number  density  of  the  N2 
APPJ  owing  to  the  higher  electron  affinity  of  oxygen,  which  in  turn 
reduces  the  highly  energetic  excited  N2  molecules.  When  ambient 
air  is  introduced  to  the  N2  APPJ,  the  emissive  signal  intensities  of 
the  NO-(3  transition  B2I1  — ►  X2n  and  NO-y  transition  A2J2+  X2n 
increase  in  the  shorter  wavelength  region,  suggesting  that  oxygen 
from  ambient  air  reacts  with  the  N2  APPJ  to  form  some  NO  mole¬ 
cules  [34].  Fig.  2(b)  shows  the  OES  of  air  APPJs.  Emissions  from  the 
O  radicals  (777  nm)  and  hydroxide  radicals  (—OH)  are  identified  in 
Fig.  2(b),  but  no  other  emissive  reactions  are  observed.  In  addition, 
a  broad  continuum  centered  at  ~  650  nm  is  observed.  The  origin  of 
such  an  emission  has  not  yet  been  identified.  Various  mechanisms 
may  produce  this  emission,  such  as  thermal  emission  and  molec¬ 
ular  emission  caused  by  chemiluminescent  reactions  [40]. 

Fig.  3(a)  shows  the  absorption  spectra  of  nanoporous  Ti02  layers 
treated  by  N2  APPJ.  The  Ti02  layers  sintered  with  air-quenched  APPJ 
show  similar  absorption  spectra.  However,  30-s  APPJ  sintered  Ti02 
without  air-quenching  shows  an  extra  absorption  tail  in  the 
wavelength  range  from  350  to  600  nm.  The  30-s  sintered  film  ap¬ 
pears  brown  owing  to  the  incomplete  removal  of  the  organic  sol¬ 
vent  which  results  in  an  extra  absorption  [28,30].  When  the  APPJ 
sintering  time  exceeds  1  min,  the  absorption  spectra  are  almost 
identical  to  each  other.  Fig.  3(b)  shows  the  absorption  spectra  of 
Ti02  sintered  by  air  APPJ.  All  spectra  are  similar  for  Ti02  sintered  by 
air  APPJs  with/without  air-quenching.  This  strongly  suggests  that 
the  involvement  of  oxygen  in  the  APPJ-Ti02  reaction  facilitates  the 
removal  of  organic  solvents. 


Table  1 

Steady-state  surface  temperatures  during  APPJ  treatments. 


With  air-quenching  (no  tape) 

Without  air-quenching  (taped) 

N2  APPJ  320  °C 

430  °C 

Air  APPJ  340  °C 

470  °C 

Wavelength  (nm) 


Wavelength  (nm) 

Fig.  2.  OES  of  the  APPJs  with/without  air-quenching,  (a)  N2  plasma,  (b)  air  plasma. 
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Fig.  3.  UV-visible  spectra  of  pure  Ti02  with  (a)  N2  treatment  and  (b)  Air  treatment. 
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Fig.  4  shows  the  power  conversion  efficiency  as  a  function  of 
APPJ  sintering  time.  The  detailed  cell  parameters  are  listed  in 
Table  2.  Except  for  cells  with  Ti02  treated  by  N2  APPJ  without 
air-quenching,  all  the  assembled  cells  exhibit  comparable  effi¬ 
ciencies.  The  cell  with  a  Ti02  photoanode  sintered  by  N2  APPJ 
without  air-quenching  for  30  s  shows  extremely  low  efficiency, 
photocurrent  density,  open  circuit  voltage,  and  fill  factor  because 
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Fig.  4.  Power  conversion  efficiency  of  DSSCs  measured  under  AM1.5,  100  mW  cm  2 
illumination. 


Table  2 

Cell  performance  in  this  study. 


APPJ 

Carrier 

gas 

Air-quenching 

Jsc 

(mA  cm-2) 

Voc  (V) 

F.F 

Efficiency 

(%) 

30  s 

n2 

Yes 

9.21 

0.748 

0.687 

4.74 

1  min 

n2 

Yes 

11.3 

0.755 

0.692 

5.91 

2  min 

n2 

Yes 

11.1 

0.759 

0.665 

5.61 

5  min 

n2 

Yes 

12.1 

0.753 

0.669 

6.11 

10  min 

n2 

Yes 

12.1 

0.747 

0.654 

5.91 

30  s 

n2 

No 

2.97 

0.638 

0.684 

1.30 

1  min 

n2 

No 

8.62 

0.747 

0.674 

4.33 

2  min 

n2 

No 

8.92 

0.770 

0.704 

4.83 

5  min 

n2 

No 

10.8 

0.762 

0.693 

5.70 

10  min 

n2 

No 

10.2 

0.768 

0.685 

5.40 

30  s 

Air 

Yes 

9.46 

0.748 

0.677 

4.79 

1  min 

Air 

Yes 

10.2 

0.744 

0.672 

5.10 

2  min 

Air 

Yes 

10.8 

0.771 

0.668 

5.57 

5  min 

Air 

Yes 

12.1 

0.741 

0.672 

6.02 

10  min 

Air 

Yes 

10.5 

0.767 

0.669 

5.40 

30  s 

Air 

No 

10.8 

0.746 

0.677 

5.53 

1  min 

Air 

No 

11.3 

0.751 

0.672 

5.86 

2  min 

Air 

No 

11.3 

0.762 

0.668 

5.93 

5  min 

Air 

No 

10.8 

0.760 

0.685 

5.62 

10  min 

Air 

No 

11.0 

0.761 

0.662 

5.55 

of  the  incomplete  removal  of  organic  substances,  which  is 
consistent  with  the  results  of  the  absorption  spectra.  The  cells 
with  Ti02  sintered  by  N2  APPJ  without  air-quenching  require  a 
longer  sintering  time  to  achieve  power  conversion  efficiency 
comparable  to  those  of  other  cells.  This  suggests  that  the 
involvement  of  oxygen  can  accelerate  the  removal  of  organic 
solvents  and  the  sintering  process.  We  have  also  attempted  to 
sinter  Ti02  with  pure  02  APPJ;  however,  a  strong  reaction  occurs 
in  the  stainless  steel  jet  and  results  in  sample  contamination 
with  small  steel  particles.  The  Ti02  sintering  time  (30  s)  is 
extremely  short  compared  to  that  using  a  conventional  furnace 
(15  min  excluding  heating  and  cooling  time)  [16].  The  ultra- 
short  sintering  time  is  attributed  to  the  synergistic  effect  of 
the  temperature  and  the  reactivity  of  the  APPJs.  For  N2  APPJs,  the 
excited  nitrogen  molecules  possess  energy  over  6  eV  above  the 
ground  state,  compared  to  1—2  eV  in  the  case  of  oxygen  mole¬ 
cules.  These  highly  energetic  molecules  facilitate  the  dissocia¬ 
tions  of  organic  solvents.  This  rapid  processing  is  made  possible 
by  the  reaction  of  excited  nitrogen  molecules  and  dissociated 
oxygen  species.  Air-quenching  significantly  lowers  the  N2  and  air 
APPJs  to  320  °C  and  340  °C,  respectively;  nevertheless,  the  DSSCs 
with  Ti02  sintered  by  30-s  air-quenched  N2/air  APPJs  show 
comparable  cell  efficiencies.  This  indicates  that  the  introduction 
of  oxygen  can  lower  the  APPJ  temperature  such  that  this  process 
may  be  used  for  sintering  on  a  lower-melting-point  substrate. 
This  also  suggests  that  the  energetic  plasmas  indeed  enhance 
the  sintering  to  shorten  the  processing  time.  All  these  results 
strongly  suggest  that  APPJ  processed  DSSCs  can  achieve  effi¬ 
ciencies  comparable  to  those  of  DSSCs  fabricated  by  conven¬ 
tional  processes  with  an  ultra-short  processing  time  (<30  s)  and 
low  temperature  (~300  °C). 

Fig.  5  shows  the  Nyquist  plots  of  the  EIS  results  for  DSSCs  under 
100  mW  cm-2  light  illumination.  The  model  of  the  equivalent 
circuit  is  presented  elsewhere  [41  ]  and  the  experimental  data  of 
impedance  spectra  are  fitted  by  the  Z-view  software  (Scribner 
Associates,  Inc.).  Typically,  the  plot  shows  three  semicircles,  cor¬ 
responding  to  the  resistance  of  the  Pt/electrolyte  and  Ti02/dye/ 
electrolyte  interfaces  as  well  as  the  Warburg  diffusion  process  of 
r/I3“  [42].  The  first  semicircle  in  the  high-frequency  region 
corresponds  to  the  Pt/electrolyte  interface  because  its  metallic 
characteristic  has  the  smallest  resistance  Rc ti  in  DSSC.  The  middle 
semicircle  represents  the  Ti02/dye/electrolyte  interface,  and  the 
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Fig.  5.  Nyquist  plots  of  DSSCs  with  Ti02  photoanodes  sintered  by  (a)  N2  and  (b)  air 
APPJs. 


circle  diameter  represents  the  value  of  the  impedance  Rct2-  The 
values  of  constant  phase  elements  (CPE)  are  also  estimated  from 
the  fitting  curve  by  Z-view.  The  CPE  is  a  non-intuitive  circuit 
element  that  is  invented  while  examining  the  response  of  the 
complicated  electrochemical  impedance  system.  The  CPE  is 
expressed  by  the  equation  Z  =  [1/Q(jw)a]  with  two  parameters  Q. 
(Q-1sa  cm-2)  and  a  (dimensionless),  which  respectively  denote 
the  false  capacitance  and  non-homogeneity  constant  [43].  The 
fitting  results  for  various  experimental  conditions  are  listed  in 
Table  3.  The  comparisons  of  cell  efficiency,  Rc t2,  Q,  and  a  are 
plotted  in  Fig.  6. 

In  the  case  of  N2  APPJs  without  air-quenching,  the  cell  efficiency 
increases  with  the  increase  in  Q.  and  a  and  the  decrease  in  Rc t2,  as 
shown  in  Fig.  6(a)  and  (b).  The  efficiency  gradually  increases  as  the 
APPJ  sintering  time  increases  from  30  s  to  2  min  and  then  levels  off; 
Rct2  shows  a  corresponding  falling  trend,  whereas  Q.  and  a  reveal 
rising  trends.  The  cell  with  Ti02  sintered  for  30  s  shows  extremely 
high  Rct2  and  lower  Q.  and  a ,  which  is  attributed  to  the  incomplete 
removal  of  the  organic  substance  in  the  Ti02  paste.  The  cell  effi¬ 
ciency  increases  with  the  increase  in  Q  and  a ,  and  the  decrease  in 
Rct2  as  the  treatment  time  increases  to  2  min.  These  values  are 
maintained  at  similar  levels  with  a  further  increase  in  sintering 
time.  Lower  Q  and  a  suggest  that  the  films  have  poor  porosity  or 
smaller  active  area  owing  to  the  incomplete  conversion  of  Ti02 
pastes  into  nanoporous  Ti02  networks  [44,45].  In  contrast,  no  sig¬ 
nificant  differences  are  observed  in  efficiency,  Rc t2,  Q.  and  a  with  the 
air  APPJ  sintering  time,  as  shown  in  Fig.  6(c)  and  (d).  N2  APPJ  with 
air-quenching  and  air  APPJ  with/without  air-quenching  can  sinter 


Table  3 

EIS  parameters  extracted  from  Fig.  6. 


APPJ 

Carrier  Air-quenching  Efficiency 
gas  (%) 

Rct2  Qtio^cr1 
(Q)  sa  cm-2) 

1  a 

(dimensionless) 

30  s 

n2 

Yes 

4.74 

17.8  4.6 

0.908 

1  min 

n2 

Yes 

5.91 

14.2  5.0 

0.936 

2  min 

n2 

Yes 

5.61 

15.3  4.9 

0.917 

5  min 

n2 

Yes 

6.11 

14.0  4.9 

0.976 

10  min 

n2 

Yes 

5.91 

16.1  4.9 

0.927 

30  s 

n2 

No 

1.30 

61.5  1.7 

0.583 

1  min 

n2 

No 

4.33 

35.2  3.8 

0.596 

2  min 

n2 

No 

4.83 

21.9  3.9 

0.663 

5  min 

n2 

No 

5.70 

14.5  4.5 

0.981 

10  min 

n2 

No 

5.40 

18.1  4.3 

0.934 

30  s 

Air 

No 

4.79 

15.1  4.7 

0.886 

1  min 

Air 

No 

5.10 

20.4  5.6 

0.905 

2  min 

Air 

No 

5.57 

18.2  5.8 

0.906 

5  min 

Air 

No 

6.02 

16.1  6.0 

0.905 

10  min 

Air 

No 

5.40 

19.8  4.5 

0.945 

30  s 

Air 

Yes 

5.53 

16.9  5.8 

0.945 

1  min 

Air 

Yes 

5.86 

15.7  6.8 

0.903 

2  min 

Air 

Yes 

5.93 

16.2  5.2 

0.926 

5  min 

Air 

Yes 

5.62 

19.8  4.0 

0.892 

10  min 

Air 

Yes 

5.55 

19.0  4.3 

0.901 

Ti02  more  efficiently.  The  involvement  of  oxygen  in  the  APPJ  can 
enhance  the  removal  of  organic  solvents  in  Ti02  pastes,  which 
makes  ultra-short  Ti02  sintering  time  possible  at  lower 
temperatures. 

The  effects  of  APPJs  on  sintered  Ti02  films  result  primarily  from 
the  synergy  between  the  thermal  effect  (temperature)  and  the 
chemical  reactivity.  The  calcination  process  for  screen-printed  Ti02 
films  requires  the  removal  of  the  organic  compounds  (e.g.,  solvent 
and  binder)  as  well  as  the  sintering  of  Ti02  nanoparticles.  Treatment 
by  APPJs  with  air-quenching  requires  an  ultra-short  treatment  time 
(30  s)  for  the  cell  to  achieve  conversion  efficiency  greater  than  4.5%, 
regardless  of  the  fact  that  the  APPJ  exhibits  a  lower  temperature 
(below  350  °C,  as  indicated  in  Table  1 ).  In  the  case  of  the  treatment 
by  the  N2  APPJ  without  air-quenching,  the  jet  temperature  is  430  °C 
and  a  1  or  2  min  treatment  time  is  necessary  to  achieve  an  efficiency 
of  4.33%  and  4.83%,  respectively  (Table  2).  The  UV-Vis  spectrum 
(Fig.  3)  demonstrates  incomplete  removal  of  organic  compounds 
with  30  s  of  treatment.  This  observation  indicates  that  the  existence 
of  oxygen-containing  reactive  species  (e.g.,  O  radical  and  O3)  plays  a 
key  role  in  the  ultra-fast  treatment  for  organic  compound  removal 
when  oxygen  is  introduced  to  the  APPJ.  This  is  consistent  with  the 
results  reported  by  Chiang  et  al.  [34].  The  effect  of  the  existence  of 
oxygen-containing  reactive  species  dominates  over  that  of  the  lower 
APPJ  temperature  in  removal  rates  of  organic  compounds.  The 
substrate  temperature  of  Ti02  calcination  by  APPJ  with  air- 
quenching  (320  °C)  is  lower  than  that  of  conventional  thermal 
annealing  processes  (450  °C  or  greater).  A  DSSC  conversion  effi¬ 
ciency  of  greater  than  4.5%  with  an  ultra-short  treatment  time  (30  s) 
strongly  suggests  that  the  APPJ  is  capable  of  effective  Ti02  calcina¬ 
tion  at  a  lower  temperature  due  to  the  synergetic  effect  of  the 
temperature  and  the  chemical  reactivity  of  the  APPJ. 

The  original  installation  of  the  glass  tube  in  the  N2  APPJ  was 
designated  for  air  entrainment  minimization,  which  prevented  the 
quenching  of  excited  nitrogen  molecules  by  oxygen  and  yielded 
higher  excited  nitrogen  molecule  densities,  as  indicated  in  our 
previous  work  [38,39].  Such  an  approach  shows  a  significant  in¬ 
crease  in  the  effective  treated  area  for  glass  surface  treatment  [39]. 
The  introduction  of  air  (oxygen)  is  capable  of  effectively  sintering 
screen-printed  Ti02  films,  despite  the  reduction  in  excited  state 
nitrogen  molecule  densities.  This  observation  is  significant  for  the 
process  flexibility  and  the  APPJ  capacity,  allowing  for  the  APPJ  to  be 
used  in  broader  applications. 
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Fig.  6.  Plots  of  efficiency  and  EIS  parameters  for  DSSCs  with  Ti02  sintered  by  (a)(b)  N2  APPJs  and  (c)(d)  air  APPJs. 


4.  Conclusion 

We  investigated  DSSCs  with  Ti02  photoanodes  sintered  by  N2 
and  air  APPJ  with/without  air-quenching.  The  introduction  of 
ambient  air  reduced  the  APPJ  temperatures;  however,  the 
involvement  of  oxygen  in  the  APPJ  facilitated  the  removal  of  organic 
solvents  and  accelerated  the  sintering  process.  N2  APPJ  with  air- 
quenching  and  air  APPJ  with/without  air-quenching  can  complete 
the  sintering  process  in  an  ultra-short  time  (30  s),  and  the  assem¬ 
bled  cells  showed  efficiency  comparable  to  that  of  the  conventional 
furnace  process.  The  presence  of  excited  nitrogen  plasmas  and 
oxygen  gas  was  critical  to  the  rapid  sintering  process  of  nanoporous 
Ti02  photoanodes.  The  rapid  APPJ  Ti02  sintering  temperature  was 
reduced  to  ~300  °C  with  air-quenching,  in  comparison  to  the  value 
of  ~500  °C  previously  published  by  our  group.  This  facilitates  the 
future  use  of  this  APPJ  sintering  on  lower-melting-point  flexible 
substrate.  This  is  beneficial  for  roll-to-roll  fabrication  processes.  The 
thermal  budget  and  energy  required  for  the  DSSC  fabrication  pro¬ 
cess  are  also  lowered. 
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